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Abstrat
We disuss single heavy neutrino prodution e+e− → Nν → ℓWν, ℓ = e, µ, τ ,
at a future high energy ollider like CLIC, with a entre of mass energy of 3 TeV.
This proess ould allow to detet heavy neutrinos with masses of 1−2 TeV if their
oupling to the eletron VeN is in the range 0.004−0.01. We study the dependene
of the limits on the heavy neutrino mass and emphasise the ruial role of lepton
avour in the disovery of a positive signal at CLIC energy. We present strategies
to determine heavy neutrino properties one they are disovered, namely their
Dira or Majorana harater and the size and hirality of their harged urrent
ouplings. Conversely, if no signal is found, the bound VeN ≤ 0.002−0.006 would
be set for masses of 1−2 TeV, improving the present limit up to a fator of 30. We
also extend previous work examining in detail the avour and mass dependene
of the orresponding limits at ILC, as well as the determination of heavy neutrino
properties if they are disovered at this ollider.
1 Introdution
The existene of heavy neutrinos is usually assoiated to the see-saw mehanism [1℄,
whih provides a simple and elegant explanation for the smallness of light neutrino
1
masses. This eonomial solution has no phenomenologial impliations at large ollid-
ers, however, beause the new neutrinos are extremely heavy, with masses of the order
of 1014 GeV for Yukawa ouplings Y of order one. These extra neutrinos also sup-
ply a mehanism to explain the observed baryon asymmetry of the universe through
leptogenesis [2℄. Many attempts have been made to onstrut viable models of this
type but with neutrino masses at the TeV sale [3, 4℄. The prie to pay in all ases
is the loss of simpliity. Heavy neutrinos give ontributions to light neutrino masses
of the order Y 2v2/mN , where v is the vauum expetation value of the Higgs boson
and mN the heavy neutrino mass. These ontributions are far too large for mN in the
TeV range unless (i) Y is very small, of order 10−5, in whih ase the heavy neutrino
is almost deoupled from the rest of the fermions, or (ii) there is another soure for
neutrino masses giving a omparable ontribution anelling the ∼ Y 2v2/mN one from
the see-saw mehanism.
Both solutions require a theoretial eort so as to build a natural model whih
reprodues light neutrino masses. In the rst ase, it is neessary to justify why neutrino
Yukawa ouplings are muh smaller than for harged leptons and quarks. In the latter,
not only it is neessary to provide an additional soure of neutrino masses, but it is also
ruial to give a natural explanation for the (apparently ne-tuned) anellation of both
ontributions [5℄. But despite the disadvantage of omplexity there is the signiant
benet that these models, experimentally not exluded, might be diretly testable at
future olliders by searhing for the prodution of heavy neutrinos. (Additionally, there
ould be indiret evidene of their presene in neutrino osillation experiments [6℄.) An
important question is then whether these heavy states are indeed observable or not.
Although their masses are within the reah of forthoming or planned olliders, their
mixing with the Standard Model (SM) leptons must be also large enough to allow for
their prodution at detetable rates. This is beause they are SM singlets, and in the
absene of new interations their ouplings are proportional to their mixing with the
light neutrinos.
Independently of the mass generation mehanism, heavy neutrinos with masses of
several hundreds of GeV appear in Grand Unied Theories, like for instane in those
based on SO(10) or on larger groups as E(6) [7℄, and an survive to low energies
[8℄. Kaluza-Klein towers of neutrinos are also predited in models with large extra
dimensions, being possible to have the rst heavy modes near the eletroweak sale [9℄.
Their existene is allowed by low energy data, whih set strong onstraints on their
mixing with the light leptons but leave room for their prodution and disovery at
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large olliders. If they have masses up to 400 GeV and a mixing with the eletron
VeN ∼ 0.01, they will be disovered at an international linear ollider (ILC) with a
entre of mass (CM) energy of 500 GeV [10℄. An eventual ILC upgrade to 800 GeV will
extend the reah to higher masses, but in order to experimentally test the existene
of TeV sale neutrinos a larger CM energy is required, whih is ahievable only at a
future e+e− ollider in the multi-TeV range, like the ompat linear ollider (CLIC)
with a CM energy of 3 TeV [11, 12℄.
In this paper we present a study of the CLIC potential to disover heavy neutrino
singlets and determine their properties in the proess e+e− → Nν → ℓWν. In setion
2 we review the formalism and derive the interations of heavy Dira and Majorana
neutrino singlets with the gauge and Higgs bosons, summarising present onstraints on
their ouplings to the harged leptons. In setion 3 we disuss the general harateristis
of eWν, µWν and τWν nal states. We analyse the dierent ontributions to the signal
and bakground, stressing the ruial fat that an eNW oupling is neessary to observe
the heavy neutrino in any of the hannels. In setion 4 we desribe the proedure
used for our Monte Carlo alulations. The sensitivity and limits on harged urrent
ouplings ahieved at CLIC are disussed in setion 5, examining also the dependene
on mN . In ase that a heavy neutrino was disovered, we show how its Dira or
Majorana nature ould be established and its harged ouplings measured. In setion
6 we perform a similar analysis for neutrinos with masses of 200 − 400 GeV at ILC,
extending previous work [10℄, also studying the determination of their properties and
omparing with CLIC results. In setion 7 we draw our onlusions.
2 Addition of neutrino singlets
In this paper we onsider a SM extension with heavy Majorana (M) or Dira (D)
neutrino singlets. The most ommon situation is that three additional heavy eigenstates
Ni, i = 1, 2, 3 are introdued, and for deniteness this is what we assume in this setion.
The formalism is however general for any number of singlets [14℄. In the following we
will obtain the interations of heavy neutrinos with the light leptons, pointing out the
dierenes between the Dira and Majorana ases when they exist.
The neutrino weak isospin T3 = 1/2 eigenstates ν
′
iL are the same as in the SM. In
the ase of Dira neutrinos we introdue 9 additional SU(2)L singlet elds
N ′iL , ν
′
iR , N
′
iR , i = 1, 2, 3 , (D) (1)
3
whih allow the light neutrinos to have Dira masses too. For Majorana neutrinos only
three elds are added
N ′iR , i = 1, 2, 3 , (M) (2)
with ν ′iR ≡ (ν ′iL)c, N ′iL ≡ (N ′iR)c. In matrix notation, the form of the mass terms in the
Lagrangian is similar in both ases,
Lmass = −
(
ν¯ ′L N¯
′
L
)( v√
2
Y ′ v√
2
Y
B′ B
) (
ν ′R
N ′R
)
+H.c. , (D)
Lmass = −1
2
(
ν¯ ′L N¯
′
L
)( ML v√2Y
v√
2
Y T MR
) (
ν ′R
N ′R
)
+H.c. , (M) (3)
where the Y , B and M bloks are 3 × 3 matries.1 The physial meaning is of ourse
dierent, sine the Y matries orrespond to Yukawa interations, B, B′ are bare mass
terms and ML, MR lepton number violating Majorana mass matries.
2
The omplete
mass matries M an be diagonalised by U †LMUR =Mdiag. For Majorana neutrinos
UR = U∗L, while for Dira neutrinos the two unitary matries are independent. The
mass eigenstates are(
νL
NL
)
= U †L
(
ν ′L
N ′L
)
,
(
νR
NR
)
= U †R
(
ν ′R
N ′R
)
. (4)
Both for Majorana and Dira neutrinos the weak interation Lagrangian is written in
the weak eigenstate basis as
LW = − g√
2
l¯′Lγ
µν ′LWµ +H.c. ,
LZ = − g
2cW
ν¯ ′Lγ
µν ′LZµ , (5)
1
Both mass terms in Eqs. (3) are partiular ases of a general 12 × 12 symmetri mass matrix
onneting (ν′L (ν
′
R)
c N ′L (N
′
R)
c) and ( (ν′L)
c ν′R (N
′
L)
c N ′R). If we assign lepton numbers L = 1 to
ν′L, N
′
L and L = −1 to (ν′R)c, (N ′R)c, the mass term for Dira neutrinos orresponds to the L = 0
entries (with onserved lepton number). The mass term for Majorana neutrinos inludes the Yukawa
entries Y with L = 0 and the diagonal lepton number violating bloks ML, MR with L = 2, L = −2,
respetively, and in this ase ν′R, N
′
L are assumed very heavy or deoupled.
2
In the Dira ase the right-handed states ν′iR, N
′
iR are equivalent, and by a suitable redenition
one an always hoose a weak basis with B′ = 0. Additionally, with adequate rotations B and MR
ould be assumed diagonal without loss of generality. This is not neessary for our disussion, anyway,
and the results in this setion do not rely on suh assumptions.
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with l′iL the harged lepton weak eigenstates. Let us divide for onveniene the rotation
matries UL, UR in 3× 6 bloks,
UL =
(
UL
U ′L
)
, UR =
(
UR
U ′R
)
. (6)
Then, the weak interation Lagrangian is written in the mass eigenstate basis as
LW = − g√
2
l¯Lγ
µ U †l UL
(
νL
NL
)
Wµ +H.c. , (7)
LZ = − g
2cW
(
ν¯L N¯L
)
γµ U †LUL
(
νL
NL
)
Zµ , (8)
where Ul is a 3 × 3 unitary matrix resulting from the diagonalisation of the harged
lepton mass matrix. The extended Maki-Nakagawa-Sakata (MNS) matrix [13℄ V ≡
U †l UL has dimension 3 × 6. Neutral interations are desribed by the 6 × 6 matrix
X ≡ U †LUL, related to the former by X = V †V .
The interations with the Higgs boson H are
LH = − 1√
2
(ν¯ ′LY N
′
R + ν¯
′
LY
′ν ′R) H +H.c. ,
= − 1√
2
(
ν¯L N¯L
)
U †L(Y U
′
R + Y
′ UR)
(
νR
NR
)
H +H.c. , (D)
LH = − 1√
2
ν¯ ′LY N
′
RH +H.c.
= − 1√
2
(
ν¯L N¯L
)
U †LY U
′∗
L
(
νR
NR
)
H +H.c. (M) (9)
In order to obtain expliit expressions in terms of masses and mixing angles, we deom-
pose V in two 3×3 bloks, V = (V (ν) V (N)), with V (ν), V (N) parameterising the mixing
of the harged leptons with the light and heavy neutrinos, respetively. The latter is
experimentally onstrained to be small (see below), thus terms of order (V (N))2 an
be negleted. After a little algebra, the salar interations of both heavy Dira and
Majorana neutrinos an be written as
LH = − g
2MW
ν¯LV
(ν) † V (N)MNNR +H.c. , (10)
with MN their 3 × 3 diagonal mass matrix MN = diag (mN1 , mN2, mN3). In the Dira
ase there are additional Yukawa ouplings among the light neutrinos.
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The mixing of heavy neutrinos with harged leptons is restrited by two groups of
proesses [1521℄: (i) π → ℓν, Z → νν¯ and other tree-level proesses involving light
neutrinos in the nal state; (ii) µ→ eγ, Z → ℓ+ℓ′− and other lepton avour violating
(LFV) proesses to whih heavy neutrinos an ontribute at one loop level. All these
proesses onstrain the quantities
Ωℓℓ′ ≡ δℓℓ′ −
3∑
i=1
VℓνiV
∗
ℓ′νi
=
3∑
i=1
VℓNiV
∗
ℓ′Ni
. (11)
The proesses in the rst group measure lepton harged urrent ouplings. A global
t yields the bounds [20℄
Ωee ≤ 0.0054 , Ωµµ ≤ 0.0096 , Ωττ ≤ 0.016 , (12)
with a 90% ondene level (CL). For heavy neutrino masses in the TeV range, LFV
proesses in the seond group give the onstraints [19℄
|Ωeµ| ≤ 0.0001 , |Ωeτ | ≤ 0.01 , |Ωµτ | ≤ 0.01 . (13)
The limits in Eqs. (12) are model-independent to a large extent, and independent of
heavy neutrino masses as well. They imply that the mixing of the heavy eigenstates
with the harged leptons is very small,
∑
i |VℓNi|2 ≤ 0.0054, 0.0096, 0.016 for ℓ = e, µ, τ ,
respetively. On the other hand, the bounds in Eqs. (13) do not diretly onstrain the
produts VℓNiV
∗
ℓ′Ni
but the sums in the r.h.s. of Eq. (11), and anellations might
our between two or more terms, and also with other new physis ontributions.
These anellations may be more or less natural, but in any ase suh possibility
makes the limits in Eqs. (13) relatively weak if more than one heavy neutrino exists
[10, 22℄. Besides, we note that these limits are independent of the heavy neutrino
nature. For heavy Majorana neutrinos there is an additional restrition from the non-
observation of neutrinoless double beta deay, whih is below present experimental
limits for |VeN |2 ≤ 0.0054 and mNi & 100 GeV [23℄.
Sine mixing of the harged leptons with heavy neutrinos is experimentally required
to be very small, the usual MNS matrix V (ν) is approximately unitary, up to orretions
of order V 2ℓNi. Moreover, at large ollider energies the light neutrino masses an be
negleted. With these approximations V (ν) an be taken equal to the identity matrix,
implying also Xνℓν′ℓ = δℓℓ′ , XνℓNi = VℓNi, i.e. the verties between light leptons an be
taken equal to their SM values for massless neutrinos, and the ouplings for avour-
hanging neutral interations νℓNiZ are proportional to those for harged urrents
ℓNiW .
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The prodution of a heavy neutrino N involves its interations with the light
fermions. The harged urrent vertex with a harged lepton ℓ an be diretly read
from Eq. (7),
LW = − g√
2
(
ℓ¯γµVℓNPLN Wµ + N¯γ
µV ∗ℓNPLℓ W
†
µ
)
. (14)
The neutral urrent gauge ouplings with a light neutrino νℓ are
LZ = − g
2cW
(
ν¯ℓγ
µVℓNPLN + N¯γ
µV ∗ℓNPLνℓ
)
Zµ . (15)
In the Dira ase, the two terms in LZ desribe the interations of heavy neutrinos
and antineutrinos. If they are Majorana partiles, the seond term an be rewritten in
terms of ν¯ℓ and N , giving
LZ = − g
2cW
ν¯ℓγ
µ (VℓNPL − V ∗ℓNPR)N Zµ . (M) (16)
The salar interations of the heavy neutrino are
LH = −g mN
2MW
(
ν¯ℓ VℓNPRN + N¯ V
∗
ℓNPLνℓ
)
H , (17)
where the seond term an again be rewritten for Majorana neutrinos,
LH = −g mN
2MW
ν¯ℓ (VℓNPR + V
∗
ℓNPL)N H . (M) (18)
For our omputations it is also neessary to know the total heavy neutrino width
ΓN . N an deay in the hannels N →W+ℓ− (if N is a Majorana fermion N →W−ℓ+
is allowed as well), N → Zνℓ and N → Hνℓ. The partial widths for these deays
are [22, 24℄
Γ(N →W+ℓ−) = Γ(N →W−ℓ+)
=
g2
64π
|VℓN |2 m
3
N
M2W
(
1− M
2
W
m2N
)(
1 +
M2W
m2N
− 2M
4
W
m4N
)
,
ΓD(N → Zνℓ) = g
2
128πc2W
|VℓN |2m
3
N
M2Z
(
1− M
2
Z
m2N
)(
1 +
M2Z
m2N
− 2M
4
Z
m4N
)
,
ΓM(N → Zνℓ) = 2 ΓD(N → Zνℓ) ,
ΓD(N → Hνℓ) = g
2
128π
|VℓN |2 m
3
N
M2W
(
1− M
2
H
m2N
)2
,
ΓM(N → Hνℓ) = 2 ΓD(N → Hνℓ) , (19)
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with ΓD and ΓM standing for the widths of a Dira and Majorana neutrino. The fators
of two in the partial widths of N → Zνℓ, N → Hνℓ for a Majorana neutrino are the
onsequene of the extra V ∗ℓN ouplings in Eqs. (16),(18), whih are not present for a
Dira neutrino. From Eqs. (19) it follows that for equal values of the mixing angles
VℓN the width of a heavy Majorana neutrino is twie as large as for a Dira neutrino.
Another straightforward onsequene of these expressions is that the partial widths for
W , Z and Higgs deays are in the ratios 2 : 1 : 1 (the latter for mH ≪ mN ). Sine the
Higgs mass is still unknown, we will ignore the deays N → Hνℓ in the alulation of
ΓN . If these deays are inluded, theW
±ℓ∓ branhing ratios (and hene the nal signal
ross setions) are multiplied by a fator whih ranges between 3/4 (for mH ≪ mN )
and unity (for mH ≥ mN).
3 ℓWν prodution and lepton avour
The existene of new heavy neutrinos is rather diult to detet as an exess in the
total ross setion for e+e− → ℓqq¯′ν. The stringent experimental bounds on their
mixing angles with the light partiles restrit the size of their ontribution to this
proess to a few perent, exept for low mN values. Suh a small inrease in the
ross setion is unobservable due to the inherent unertainties in the SM predition.
Nevertheless, the heavy neutrino ontribution to this signal is dominated by on-shell
N prodution [22, 25℄ e+e− → Nν → ℓ−W+ν → ℓ−qq¯′ν (plus the harge onjugate)
if kinematially aessible, yielding a peak in the ℓqq¯′ invariant mass distribution. If
heavy neutrino mass dierenes are of the order of 100 GeV or more the neutrino peaks
do not overlap, so that their experimental study an be done independently, sine in
this ase the interferene of the relevant amplitudes is negligible. We will thus assume
for simpliity that only one heavy neutrino N is produed. For quasidegenerate heavy
neutrinos with (mN1−mN2)/(mN1+mN2)≪ 1 [4℄ one must onsider interferene eets,
whih are not addressed here.
In Nν prodution the two quarks in the nal state result from the deay of an
on-shell W boson, hene we an safely onne the analysis to the phase spae region
where their invariant mass is not far from MW , and restrit the alulation to ℓWν
prodution (with W → qq¯′) in the presene of a heavy neutrino. We rst disuss the
proess for ℓ = e and later point out the dierenes for ℓ = µ, τ , using a referene value
mN = 1500 GeV. For most purposes ℓ
−
and ℓ+ prodution may be summed beause
CP-violating eets are negligible, as it is briey ommented at the end of this setion.
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3.1 Final states with eletrons
The Feynman diagrams for e+e− → e−W+ν involving heavy neutrino exhange are
shown in Fig. 1. We neglet the eletron mass (as well as light quark masses) in the
omputation of matrix elements, thus we do not inlude salar diagrams. When the
outgoing light neutrino avour is onstrained to be νe we write it expliitly. Diagrams
1b and 1f are present only if N is a Majorana fermion, while the rest are ommon to
the Dira and Majorana ases.
e
e
W
N
νe
e
W
+
e
e
W
N e
W
+
νe e
e
Z
N
W
+
e
ν
1a 1b 1
e
e
N
W
W
+
e
νe e
e
Z
N
W
+
ν
e e
e
W
N
W
+
e
νe
1d 1e 1f
Figure 1: Feynman diagrams for e+e− → e−W+ν mediated by a heavy neutrino N .
The dierenes between the Dira and Majorana ases are disussed in the text.
We notie that the six diagrams have an eNW vertex, whose presene is thus
neessary for this proess to our. The three rst ones involve the prodution of
on-shell N , the orresponding amplitudes being proportional to VeN times a fator
O(1) from the N deay branhing ratio. Their ontribution to the ross setion is
then quadrati in VeN (interferene with the SM amplitude is negligible). The last
three diagrams are proportional to V 2eN , giving V
2
eN terms in the ross setion (through
interferene), plus V 4eN terms. With present limits on VeN , the former are one order of
magnitude larger than the latter, but still remain two orders of magnitude below the
size of V 2eN terms from diagrams with N on its mass shell. Among these, the t- and
u-hannel W exhange diagrams (1a and 1b, respetively) are the only ones relevant
at CLIC energy and s-hannel Z exhange (1) is highly suppressed, being a fator
∼ 5 smaller than o-shell ontributions. We then arrive to one ruial point: for equal
values of the mixing angles, the ontributions of Majorana and Dira heavy neutrinos
9
to the e−qq¯′ν ross setion are almost equal. The reason is simple: for a Majorana N
the neutrino signal is strongly dominated by two non-interfering Feynman diagrams
whih give equal ontributions to the ross setion, instead of one in the Dira ase.
On the other hand, the width of a Majorana N is twie as large as for a Dira one, as
noted in the previous setion.
In the phase spae region of interest, the relevant SM diagrams are those for
e+e− → e−W+νe with subsequent hadroni W deay, as depited in Fig. 2. The
main ontribution omes from diagram 2i and is one order of magnitude larger than
the rest. This fat onstrasts with the behaviour at ILC energy, where about one half
of the ross setions omes from resonant W+W− prodution, espeially from diagram
2a. The 8 additional diagrams for e+e− → e−qq¯′ν whih do not involve the deay
W+ → qq¯′ give an irrelevant ontribution (smaller than 0.5 %) in the phase spae
region studied. The quadrati orretions to the ℓνW and ννZ verties negleted in
setion 2 are unobservable with the available statistis. We also ignore diagrams like
1b and 1f with the exhange of a light Majorana neutrino, whih are suppressed by the
ratio mν/Q ∼ 10−13, where Q ∼
√
s is the typial energy sale in the proess.
It is worth pointing out the eet of beam polarisation on the ross setions for
e−W+ν prodution through N exhange only and through SM diagrams. For N ex-
hange we have σe+
R
e−
L
: σe+
L
e−
R
= 44000 : 1 (for mN = 1500 GeV, VeN = 0.05), with
σe+
R
e−
R
= σe+
L
e−
L
= 0. For the SM proess, we nd σe+
R
e−
L
: σe+
R
e−
R
: σe+
L
e−
R
= 3700 : 200 :
1, σe+
L
e−
L
= 0. Therefore, the use of negative eletron polarisation Pe− and positive
positron polarisation Pe+ improves the observability of the signal as well as the statis-
tis. Besides, it an be seen that e+Le
−
R ross setions only reeive ontributions from
diagrams with Z or photon s-hannel exhange, thus the huge dierene between e+Le
−
R
and e+Re
−
L ross setions reets the suppression of the former.
3.2 Final states with muons and taus
Final states with ℓ = µ, τ share similar prodution properties and we refer to muons for
brevity. The diagrams for e+e− → µ−W+ν via heavy neutrino exhange are shown in
Fig. 3. The same omments regarding the ontributions of the diagrams in Fig. 1 apply
in this ase (up to dierent mixing angles). We observe that all ontributions exept 3
involve an eletron-heavy neutrino interation; in partiular, the leading diagrams 3a
and 3b orrespond to heavy neutrino prodution via an eNW vertex with subsequent
deay through a µNW interation. This leads to the important onsequene that the
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Figure 2: Feynman diagrams for e+e− → e−W+νe within the SM.
µ−W+ν signal of heavy neutrinos is relevant only if N simultaneously mixes with the
eletron and muon. We also notie that, even without mixing with the muon, a heavy
neutrino an mediate µ−W+ν prodution, via diagram 3d. Nevertheless, the ross
setion is very small in this ase. The SM bakground is e+e− → µ−W+νµ, with 6
Feynman diagrams like the ones in 2a2f but replaing e−, νe by µ−, νµ, respetively.
Its ross setion is dominated by resonant W+W− prodution and is 30 times smaller
than for e−W+νe.
In order to disuss the eet of beam polarisation we have to distinguish two ases. If
µ−W+ν prodution takes plae mainly through a eNW oupling, beam polarisation has
learly the same eet as in e−W+ν prodution: negative Pe− and positive Pe+ enhane
the signal and bakground and thus improve the statistis. If the heavy neutrino does
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Figure 3: Feynman diagrams for e+e− → µ−W+ν mediated by a heavy neutrino N .
The dierenes between the Dira and Majorana ases are disussed in the text.
not mix with the eletron but mixes with the muon, the reverse situation ours.
Sine the only ontribution omes from diagram 3, the use of left-handed positrons
and right-handed eletrons atually inreases the signal, while reduing the SM ross
setion for this proess [10℄. This ase has no interest at CLIC energy, anyway, beause
for VeN = 0 the signal is not observable.
3.3 CP violation with heavy neutrinos
In this work we do not address any CP violation eets, whih are unobservable in
the proesses studied. Partial rate asymmetries between ℓ− and ℓ+ nal states are
negligible at the tree level. They require interferene of diagrams with dierent CP-
onserving phases (e.g. diagram 1a, with a phase arising from the N propagator [27℄,
and one of the diagrams in Fig. 2). This interferene is very small due to kinematis
(the width ΓN is small ompared to the energy sale). Another possibility is the study
of triple-produt asymmetries in the deay of the heavy neutrino. However, these
asymmetries are proportional to the mass of the nal state harged lepton [28℄, and
hene very small. Therefore, we sum ℓ− and ℓ+ nal states in all our results, unless
otherwise stated.
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4 Event generation
The matrix elements for e+e− → ℓ−W+ν → ℓ−qq¯′ν are alulated using HELAS [29℄,
inluding all spin orrelations and nite width eets. We sum SM and heavy neutrino-
mediated diagrams at the amplitude level. For Majorana fermions the Feynman rules
are given in Ref. [30℄. We assume a CM energy of 3 TeV, with a beam spread of 0.35%
[11℄, ignoring an eventual beam rossing angle of 0.02 rad at the interation point [12℄
whose eet in our simulation is very small. We make use of eletron polarisation
Pe− = −0.8 and positron polarisation Pe+ = 0.6. The luminosity is taken as 1000 fb−1
per year. In order to take into aount the eet of initial state radiation (ISR) and
beamstrahlung we onvolute the dierential ross setion with struture funtions
DISR(x), DBS(x),
dσ =
∫ 1
0
dσ(x1y1E, x2y2E)DISR(x1)DBS(y1)DISR(x2)DBS(y2) dx1dy1dx2dy2 . (20)
The funtion desribing the eet of ISR used is [31℄
DISR(x) =
η
2
(1− x) η2−1 e
η
2 (
3
4
−γ)
Γ
(
1 + η
2
)
×
[
1
2
(1 + x2)− η
8
(
1
2
(1 + 3x2) log x− (1− x)2
)]
, (21)
where
η(s) = −6 log
[
1− α0
3π
log
s
m2e
]
, (22)
γ is the Euler onstant, α0 = 1/137 the ne struture onstant, s the enter of mass
energy squared and me the eletron mass. For beamstrahlung we use [32℄
DBS(x) = e
−N
[
δ(x− 1) + e
−κ(1−x)/x
x(1 − x) h(y)
]
, (23)
with N = Nγ/2, κ = 2/3Υ. For the proposed luminosity we take the parameters
Υ = 8.1, Nγ = 2.3 [11℄. The funtion h(y) is [33℄
h(y) =
∞∑
n=1
yn
n! Γ(n/3)
, (24)
where y = N [κ (1 − x)/x]1/3. For large y, h(y) has the asymptoti expansion
h(y) =
(
3z
8π
) 1
2
e4z
[
1− 35
288 z
− 1295
16588 z2
+ · · ·
]
, (25)
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with z = (y/3)3/4.
In nal states with τ leptons, we selet τ deays to π, ρ and a1 mesons (with a
ombined branhing fration of 54% [34℄), in whih a single ντ is produed, disarding
other hadroni and leptoni deays. We simulate the τ deay assuming that the meson
and τ momenta are ollinear (what is a good approximation for high τ energies) and
assigning a random fration x of the τ momentum to the meson, aording to the
left-handed probability distributions [35℄
P (x) = 2(1− x) (26)
for pions, and
P (x) =
2
2ζ3 − 4ζ2 + 1
[
(1− 2ζ2)− (1− 2ζ)x] (27)
for ρ and a1 mesons, where ζ = m
2
ρ,a1/m
2
τ . We assume a τ jet tagging eieny of
50%. In ertain measurements the use of c tagging is neessary as well, and we assume
a 50% eieny, the same one that it is expeted at ILC [36℄.
We simulate the alorimeter and traking resolution of the detetor by performing
a Gaussian smearing of the energies of eletrons (e), muons (µ) and jets (j), using the
expeted resolutions [12℄,
∆Ee
Ee
=
10%√
Ee
⊕ 1% , ∆E
µ
Eµ
= 0.005%Eµ ,
∆Ej
Ej
=
50%√
Ej
⊕ 4% , (28)
where the two terms are added in quadrature and the energies are in GeV. We apply
kinematial uts on transverse momenta, pT ≥ 10 GeV, and pseudorapidities |η| ≤ 2.5,
the latter orresponding to polar angles 10◦ ≤ θ ≤ 170◦. We rejet events in whih the
leptons or jets are not isolated, requiring a lego-plot separation∆R =
√
∆η2 +∆φ2 ≥
0.4. For the Monte Carlo integration in 6-body phase spae we use RAMBO [37℄.
In eletron and muon nal states the light neutrino momentum pν is determined
from the missing transverse and longitudinal momentum of the event and the require-
ment that p2ν = 0 (despite ISR and beamstrahlung, the missing longitudinal momentum
approximates with a reasonable auray the original neutrino momentum). In nal
states with τ leptons, the reonstrution is more involved, due to the seondary neu-
trino from the τ deay. We determine the primary neutrino momentum and the
14
fration x of the τ momentum retained by the τ jet using the kinematial onstraints
EW + Eν +
1
x
Ej =
√
s ,
~pW + ~pν +
1
x
~pj = 0 ,
p2ν = 0 , (29)
in obvious notation. These onstraints only hold if ISR and beamstrahlung are ignored,
and in the limit of perfet detetor resolution. When solving them for the generated
Monte Carlo events we sometimes obtain x > 1 or x < 0. In the rst ase we arbitrarily
set x = 1, and in the seond ase we set x = 0.55, whih is the average momentum
fration of the τ jets. With the proedure outlined here, the reonstruted τ momen-
tum reprodues with a fair auray the original one, while the pν obtained is often
ompletely dierent from its atual value.
5 Heavy neutrino disovery at CLIC and determina-
tion of their properties
We address in turn the disovery of a new heavy neutrino (setions 5.1 and 5.2), the
determination of its Dira or Majorana harater (setion 5.3) and the measurement
of its ouplings to e, µ, τ (setion 5.4). We try to be as onise as possible without
losing generality or omitting the main points. Following the disussion in setion 3
we an distinguish two interesting senarios for our analysis: (i) the heavy neutrino
only mixes with the eletron; (ii) it mixes with e and either µ, τ , or both. For the
study of the mN dependene and the determination of the neutrino nature we assume
for simpliity that N only mixes with the eletron. Additionally, we assume that the
neutrino is a Majorana fermion in setions 5.1, 5.2 and 5.4, where the results obtained
are almost independent of its harater.
5.1 Disovery of a heavy neutrino
The existene of a heavy neutrino whih ouples to the eletron an be deteted as
a sharp peak in the distribution of the ejj invariant mass mejj, plotted in Fig. 4 for
VeN = 0.05. The dotted and solid lines orrespond to the SM and SM plus a 1500 GeV
Majorana neutrino, respetively. For a Dira neutrino the results do not hange. The
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width of the peak is mainly due to energy smearing inluded in our Monte Carlo, and
the intrinsi N width, ΓN = 8.2 GeV and ΓN = 4.1 GeV for a Majorana and Dira
neutrino, respetively, has a smaller inuene in this ase.
0 500 1000 1500 2000 2500 3000
m
ejj
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Figure 4: Kinematial distribution of the ejj invariant mass, for mN = 1500 GeV.
The SM and SM plus heavy neutrino ross setions are olleted in Table 1, before
and after the kinematial ut
1460 GeV ≤ mejj ≤ 1540 GeV . (30)
The riterion used here for the disovery of the new neutrino is that the exess of
events
3
(the signal S) in the peak region dened by Eq. (30) amounts to more than
5 standard deviations of the number of expeted events (the bakground B), that is,
S/
√
B ≥ 5. This ratio is larger than 5 for VeN ≥ 7.8 × 10−3, whih is the minimum
mixing angle for whih a 1500 GeV neutrino an be disovered. Conversely, if no signal
is found, the limit VeN ≤ 4.5×10−3 an be set at 90% ondene level (CL), improving
the present limit VeN ≤ 0.073 by a fator of 16.
No ut With ut
SM 516 14.6
SM + N 548 39.4
Table 1: Cross setions (in fb) for e+e− → e∓W±ν before and after the kinematial
ut in Eq. (30).
3
It must be stressed that the SM ross setion at the peak an be alulated and normalised using
the measurements far from this region.
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In the most general ase that N simultaneously mixes with the three harged lep-
tons, there may be in priniple signals in the e, µ and τ hannels, and the three of them
must be experimentally analysed. We hoose equal values VeN = VµN = VτN = 0.04
to illustrate the relative sensitivities of the three hannels. For eletron and muon
nal states we apply the kinematial ut in Eq. (30), while for taus the distribution is
broader and we use
1420 GeV ≤ mτjj ≤ 1580 GeV . (31)
The SM and SM plus heavy neutrino ross setions after these kinematial uts
4
an
be found in Table 2. For these values of the ouplings, the heavy neutrino signal ould
be seen with a statistial signiane of ∼ 40σ, ∼ 250σ and ∼ 70σ in the e, µ and τ
hannels, respetively, after one year of running.
e µ τ
SM 14.6 0.36 0.096
SM + N 19.5 5.24 1.19
Table 2: Cross setions (in fb) for e+e− → ℓ∓W±ν, for ℓ = e, µ, τ , inluding the
kinematial uts on mℓjj.
We learly see that the muon hannel is muh more sensitive for equal values of the
ouplings. An eNW interation is absolutely neessary to produe the heavy neutrino
at observable rates but, one it has been produed, its deays in the muon and tau
hannels are easier to spot over the bakground. Sine the prodution mehanism
is strongly dominated by t and u-hannel W exhange diagrams (see setion 3), the
observed signals Se, Sµ, Sτ an be written as
Sℓ = Aℓ V
2
eN
V 2ℓN
V 2eN + V
2
µN + V
2
τN
(32)
to an exellent approximation. The ommon fator V 2eN omes from the prodution,
the ratio of ouplings orresponds to the deay and Aℓ are onstants. Using the data
in Table 2 and Eqs. (32) we an obtain the ombined limits on VeN and VµN or VτN
plotted in Fig. 5. It is very interesting to observe that a small oupling to the muon
4
For the muon and tau hannels the bakground is dominated by resonant W+W− prodution,
thus a ut on the mℓν invariant mass ould redue it signiantly. However, in pratie it may be very
diult to reonstrut the W mass at CLIC energy, and to be onservative we do not apply any ut
on mℓν .
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VµN & 0.005 greatly inreases the sensitivity to VeN , from ∼ 0.008 to ∼ 0.0035, due
to the better observation of the heavy neutrino in the muon hannel. For a xed VeN
and inreasing VµN , the eWν hannel beomes less signiant beause of the smaller
branhing ratio, and the observation is better in the µWν hannel. (For ILC the
behaviour is rather dierent, see next setion.) In the ase of the tau the eet is
similar but less pronouned.
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(a) (b)
Figure 5: Combined limits on: VeN and VµN , for VτN = 0 (a); VeN and VτN , for VµN = 0
(b), for mN = 1500 GeV. The red areas represent the 90% CL limits if no signal is
observed. The white areas extend up to present bounds VeN ≤ 0.073, VµN ≤ 0.098,
VτN ≤ 0.13, and orrespond to the region where a ombined statistial signiane of
5σ or larger is ahieved. The indiret limit from µ− e LFV proesses is also shown.
For omparison, we inlude in Fig. 5 (a) the indiret limit on VeN , VµN derived
from low energy LFV proesses. For VµN smaller than 0.05, the diret limit obtained
by the absene of heavy neutrino prodution is muh better than the indiret one.
Moreover, the latter an be evaded if we allow for anellations between heavy neutrino
ontributions, as disussed in setion 2 (see also Ref. [10℄). In the ase of the tau
lepton, the indiret limit from LFV proesses is less stringent than the diret limits
VeN ≤ 0.073, VτN ≤ 0.13 and is not shown.
When the heavy neutrino does not ouple to the eletron but only to the muon
and/or tau, the only Feynman diagram ontributing to the signal is 3. For CLIC the
situation is muh worse than for ILC [10℄ beause at a higher CM energy this diagram
is more suppressed. Heavy neutrino prodution rates are thus negligibly small, giving
an exess of a handful of events (for an integrated luminosity of 1000 fb
−1
) over the
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SM bakground even for VµN , VτN in their upper experimental bounds.
5.2 Dependene on the heavy neutrino mass
The ross setion for e+e− → e∓W±ν inluding the heavy neutrino ontribution ex-
hibits a moderate dependene on mN , whih is mainly due to phase spae. The vari-
ation of the total e∓W±ν ross setion (inluding ISR, beamstrahlung and detetor
uts as explained in setion 4) with mN an be seen in Fig. 6 (a). For larger masses
the ross setions are smaller an thus the limits on VeN are worse. This behaviour is
attenuated by the fat that the SM bakground also dereases for larger mejj, as an
be learly observed in Fig. 4. The resulting limits on the heavy neutrino oupling are
shown in Fig. 6 (b) as a funtion of mN . These limits assume impliitly that the heavy
neutrino only mixes with the eletron (for mixing also with the muon they improve,
as seen in the previous subsetion). The kinematial uts are not optimised for eah
value of mN .
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Figure 6: (a) Cross setion for e+e− → e∓W±ν for VeN = 0.05 and dierent values of
mN . (b) Dependene of the disovery and upper limits on VeN on the heavy neutrino
mass. Both plots assume mixing only with the eletron.
5.3 Determination of the Majorana or Dira nature
The ross setion for e−W+ν prodution mediated by a heavy neutrino is fairly insen-
sitive to its Dira or Majorana harater. Still, the dierent prodution mehanisms
show up in the angular distribution of N with respet to the inoming eletron. In
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the ase of a heavy Majorana neutrino the new ontribution is dominated by diagrams
1a, 1b, leading to a forward-bakward symmetri distribution for the prodution angle
ϕNe− between N and the inoming eletron. The distribution peaks at cosϕNe− = 1
when t ≡ (pN − pe−)2 = 0 and the rst diagram is enhaned, and at cosϕNe− = −1
when u ≡ (pN − pe+)2 = 0 (and the seond one is enhaned).
In the ase of Dira neutrinos the u-hannel diagram is absent, and the distribution
only peaks at cosϕNe− = 1 for nal states with e
−, µ−, τ− and at cosϕNe− = −1
for the harge onjugate proesses with e+, µ+, τ+. It is then onvenient to dene
ϕN ≡ ϕNe−, ϕNe+ for e−W+ν, e+W−ν events, respetively. Its normalised distribution
is shown in Fig. 7 (a) for events surviving the kinematial ut in Eq. (30). We onsider
the SM, and SM plus a Majorana or Dira neutrino. The most onspiuous results are
obtained subtrating the SM ontribution, whih an be alulated and alibrated using
the measurements outside the peak. In this ase, Fig. 7 (b), the dierene between
the Dira and Majorana ases is apparent. We remark that the signal ross setion at
the peak is of 24.8 fb for VeN = 0.05, what gives a suiently large event sample to
distinguish both ases even for smaller mixing angles (see also Fig. 6).
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Figure 7: (a) Dependene of the ross setion on the angle ϕN , for the SM and the SM
plus a 1500 GeV Majorana (M) or Dira (D) neutrino. (b) The same, but subtrating
the SM ontribution.
For ompleteness, we also show in Fig. 8 the dependene of the ross setion on
the angles ϕW , ϕe between the produed W
±
, e∓ and the inoming eletron (for e−
nal states) or positron (for nal e+). We restrit ourselves to events surviving the
kinematial ut in Eq. (30), as in the previous ase. Although these two distributions
also show some sensitivity to the Dira or Majorana harater of the neutrino, it is
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obvious when ompared to Fig. 7 (a) that the best results are obtained from the analysis
of the polar angle of the produed neutrino ϕN .
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Figure 8: Dependene of the ross setion on the angles ϕW (a) and ϕe (b), for the SM
and the SM plus a 1500 GeV Majorana or Dira neutrino.
5.4 Measurement of heavy neutrino ouplings
In order to measure the moduli of the heavy neutrino ouplings to harged leptons, the
onstants Aℓ in Eq. (32) must be theoretially alulated. This an be done in priniple
with full Monte Carlo simulations taking into aount all radiation and hadronisation
eets, as well as the real detetor behaviour. The ouplings of the heavy neutrino are
then
V 2eN =
Se
Ae
+
Sµ
Aµ
+
Sτ
Aτ
,
V 2ℓN
V 2eN
=
Sℓ
Aℓ
(
Se
Ae
)−1
, ℓ = µ, τ . (33)
The unertainty in their measurement omes from the statistial utuations of the
signal and bakground, as well as from the theoretial alulation of the onstants Aℓ.
Among other fators, their alulation is aeted by the inherent unertainties in the
signal normalisation. We expet that Aℓ an be obtained with a preision of 10%,
whih in priniple does not aet the determination of oupling ratios.
We estimate the auray with whih heavy neutrino ouplings ould be extrated,
alulating the Aℓ onstants from the peak ross setions given by our Monte Carlo for a
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referene set of ouplings, and assuming a ommon 10% error in their determination.
Then, using as input the ross setions for VeN = VµN = VτN = 0.04, the ouplings
obtained are
VeN = 0.0388± 0.00034 (stat)± 0.0019 (sys) ,
VµN/VeN = 1.007± 0.016 (stat) ,
VτN/VeN = 1.030± 0.028 (stat) . (34)
In this ase the statistial preision of the ratios is very good, of a 2 − 3%. The
unertainty in VeN is of a 5%, dominated by systematis.
A seond issue is the determination of the hirality of ℓNW ouplings. This an be
done with the measurement of the ℓs forward-bakward (FB) asymmetry in theW rest
frame [38, 39℄, whih is sensitive to the hiral struture of the ℓNW oupling involved
in the deay N → ℓ−W+ → ℓ−cs¯ (and in its harge onjugate). The measurement of
this asymmetry requires to distinguish between the two quark jets resulting from W+
deay, what an be done restriting ourselves to W+ → cs¯ and taking advantage of c
tagging to require a tagged c jet in the nal state. This redues the ross setions by
a fator of four.
We dene θℓs as the angle between the momenta of the harged lepton ℓ and the s¯
jet, in the W rest frame (the denition is the same for N deays into ℓ−W+ → ℓ−cs¯
and ℓ+W− → ℓ+c¯s). The FB asymmetry is dened as
AFB =
N(cos θℓs > 0)−N(cos θℓs < 0)
N(cos θℓs > 0) +N(cos θℓs < 0)
, (35)
with N standing for the number of events. If we parameterise a general ℓNW vertex
(ignoring eetive σµν terms) as
LℓWN = − g√
2
ℓ¯γµ (gLPL + gRPR)N Wµ +H.c. (36)
and assume that the W oupling to quarks is purely left-handed, the FB asymmetry
is
AFB =
3M2W
4M2W + 2m
2
N
|gL|2 − |gR|2
|gL|2 + |gR|2 . (37)
In the ase of heavy neutrino singlets gL = VℓN , gR = 0 as seen in Eq. (14), and the
seond fator in Eq. (37) equals unity. Still, the rst fator is very small formN ≫ MW ,
and for mN = 1500 GeV we have AFB = 4.3× 10−3 for the three lepton avours. Suh
asymmetries are unobservable, as long as the experimental statistial errors expeted
22
in the experiment are typially ∆AFB & 0.012.
5
Still, for mN of several hundreds of
GeV the asymmetries are measurable. We analyse suh possibility in next setion.
Further observables are sensitive to the struture of the ℓNW verties, namely
spin asymmetries. A proper analysis requires the searh for a diretion along whih
the N polarisation is maximal, what is beyond the sope of this work. Besides, the
information on ouplings extrated from suh observables is expeted to be less lean,
sine they involve additional variables apart from masses and ouplings.
6 Heavy non-deoupled neutrinos at ILC
Heavy neutrinos with masses up to a few hundreds of GeV an also be produed
at ILC with a CM energy of 500 GeV. Many features of the prodution proess are
ommon to both mass and CM energy sales, but in some other respets ILC and
CLIC are rather dierent. In order to have a better omparison between both ases
we summarise here several results for ILC extending the work in Ref. [10℄. We take a
mass mN = 300 GeV for most of our omputations, whih follow losely what is done
for CLIC (see also Ref. [10℄ for details). The integrated luminosity is assumed to be
345 fb
−1
, orresponding to one year of running.
With the same signal reonstrution method as for CLIC we obtain for mN = 300
GeV the ombined limits on VeN and VµN or VτN plotted in Fig. 9. In ontrast with the
behaviour obtained at CLIC, at ILC the sensitivities in the muon and eletron hannels
are similar, and both are better than in τWν prodution. This an be learly observed
in both plots: a µNW oupling has little eet on the limits on VeN , but a oupling
with the tau dereases the sensitivity, beause the deays in the tau hannel are harder
to observe. The diret limit on VeN , VµN obtained here improves the indiret one only
for VµN . 0.01. However, as it has already been remarked, the latter is not general
and an be evaded with anellations among heavy neutrino ontributions [10℄.
The dependene of the total e∓W±ν ross setion on mN an be seen in Fig. 10 (a),
for VeN = 0.073, VµN = VτN = 0. For a heavier N the ross setions are smaller and
thus the limits on VeN are worse. However, up to mN = 400 GeV this is ompensated
5
In the absene of bakground, the statistial error of an asymmetry A is given by the simple
expression ∆A =
√
(1−A2)/(S L), with S the signal ross setion and L the integrated luminosity.
With an asymmetri bakground the expression is more involved but it an be seen that ∆A is larger
than without bakground.
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Figure 9: Combined limits obtained at ILC on: VeN and VµN , for VτN = 0 (a); VeN
and VτN , for VµN = 0 (b). The red areas represent the 90% CL limits if no signal is
observed. The white areas extend up to present bounds VeN ≤ 0.073, VµN ≤ 0.098,
VτN ≤ 0.13, and orrespond to the region where a ombined statistial signiane of
5σ or larger is ahieved. The indiret limit from µ − e LFV proesses is also shown.
We take mN = 300 GeV.
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Figure 10: (a) Cross setion for e+e− → e∓W±ν at ILC for VeN = 0.073 and dierent
values of mN . (b) Dependene of the disovery and upper limits on VeN on the heavy
neutrino mass. Both plots assume mixing only with the eletron.
by the fat that the SM bakground also dereases for larger mejj. The limits on VeN
are shown in Fig. 10 (b) as a funtion of mN , assuming that the heavy neutrino only
mixes with the eletron.
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If a heavy neutrino is disovered at ILC, its nature an be uniquely determined
with the study of the ϕN dependene of the ross setion, as it has been disussed
in setion 5.3. The dependene of the peak ross setion on ϕN is shown in Fig. 11
(a). The results after subtrating the SM ontribution an be seen in Fig. 11 (b). The
distribution is less onentrated at cosϕN = ±1 than for CLIC energy but allows to
determine unambiguously the neutrino harater even if a relatively small number of
signal events is olleted. The dependene of the peak ross setion on ϕW and ϕe is
presented in Fig. 12.
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Figure 11: (a) Dependene of the ross setion at ILC on the angle ϕN , for the SM
and the SM plus a 300 GeV Majorana (M) or Dira (D) neutrino. (b) The same, but
subtrating the SM ontribution.
The measurement at ILC of the VeN , VµN , VτN moduli an be done in the same
way desribed for CLIC, without any substantial dierenes, thus we do not repeat
that disussion here. Still, an important dierene appears in the determination of
their hiral struture. In ontrast with TeV sale neutrinos, for mN = 300 GeV the
FB asymmetry is observable. We show in Fig. 13 (a) the dependene of the SM
and SM plus heavy neutrino peak ross setions with respet to the angle θes. The
measurement of the FB asymmetry requires the subtration of the SM predition,
giving the distributions shown in Fig. 13 (b). For a Majorana neutrino with VeN =
0.073, VµN = VτN = 0, the resulting asymmetry is AFB = 0.083±0.016, where the error
quoted is statistial. The SM and SM+N ross setions after c tagging are 13.4 and 32.7
fb, inluding only W hadroni deays with a c quark. For a Dira neutrino the results
6
It should be noted that the ϕW and ϕe distributions presented in Ref. [10℄ orrespond to the
whole range of mejj and not only to the peak.
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Figure 12: Dependene of the ross setion at ILC on the angles ϕW (a) and ϕe (b),
for the SM and the SM plus a 300 GeV Majorana or Dira neutrino.
found are equivalent within Monte Carlo unertainty. The FB asymmetry obtained
from the simulation is in good agreement with the theoretial value AFB = 0.094
expeted for a purely left-handed oupling.
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Figure 13: (a) Dependene of the ross setion at ILC on the angle θes for the SM and
the SM plus a 300 GeV Majorana neutrino. (b) The same, but subtrating the SM
ontribution.
If a heavy neutrino signal is observed in this mass range, we expet that the FB
asymmetry will have a suient statistial signiane so as to indiate that the eNW
oupling is left-handed, at least after several years of running. The preision of the
AFB measurement strongly depends on the size of the N ross setion, therefore the
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possibility of extrating the left- and right-handed parts of the oupling from the total
ross setion and AFB measurements is diult to assess in general.
7 Conlusions
Neutrinos with masses of the order of 1 TeV are predited by many models attempting
to make the new physis sale observable at future olliders. Their presene leads to
a greater omplexity of the models (in order to reprodue the light neutrino masses),
espeially when they are not deoupled from the light fermions. Nevertheless, if they
exist, large e+e− olliders an disover them or provide the best limits on their masses
and mixings. Suh disovery would give a new insight into the mehanism for neutrino
mass generation.
In this paper we have onentrated on the prodution of heavy neutrino singlets
in assoiation with a light neutrino. If they are the only addition to the SM, the
prodution ross setion for NN pairs is suppressed by extra mixing angle fators V 2ℓN .
This is also redued by the smaller phase spae and by additional deay branhing
ratios, what makes this proess muh less sensitive to the presene of these heavy
fermions.
7
In left-right models the new gauge interations allow to produe heavy
neutrinos in pairs, or in assoiation with harged leptons, with mixing angles of order
unity. LHC will be sensitive to both mehanisms [40℄, but the most stringent limits
are expeted from the latter proesses [41, 42℄. On the other hand, e+e− olliders will
be mainly sensitive to neutrino pair prodution [12, 43℄, whih might be used to learn
about heavy neutrino properties as well [44℄. We note that in the ase of Majorana
neutrinos, NN prodution may give an interesting lepton number violating nal state
signal NN → ℓ±W∓ℓ′±W∓ [26,45℄, whih has smaller bakgrounds than the analogous
lepton number onserving nal state ℓ±W∓ℓ
′∓W±. In ase that new interations are
pushed to high energies, heavy neutral leptons an still be produed in pairs if they
transform non-trivially under the SM gauge group [25℄.
We have disussed the prospets for TeV sale neutrino detetion in ℓWν prodution
at future e+e− olliders, taking as example the CLIC proposal for a 3 TeV ollider at
7
For e+e− → NN the t and u-hannel exhange diagrams are quadrati in VeN , and the s-hannel
Z diagram has the mixing fatorXNN in Eq. (8), whih is equal to |VeN |2+|VµN |2+|VτN |2. Therefore,
the ross setion is proportional to light-heavy mixing angles to the fourth power. FormN = 1 TeV and
a oupling VeN = 0.004 in the disovery limit, the extra mixing angle suppression of this ross setion
is of order V 2eN = 1.6× 10−5, already giving unobservable rates for heavy neutrino pair prodution.
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CERN. This study omplements the analysis of the CLIC potential based on new gauge
interations [12, 43℄. We have examined the dependene of the results on the heavy
neutrino mass, and speial emphasis has been made on the importane of a omplete
study of the three possible hannels ℓ = e, µ, τ . As it has been argued, a non-negligible
oupling to the eletron, VeN ∼ 10−3 − 10−2 for mN = 1 − 2 TeV, is neessary to
produe the heavy neutrino at detetable rates. The produed neutrinos an then
deay N → eW and, if they ouple to the muon and tau, N → µW and N → τW as
well (plus additional deays mediated by neutral urrents). Among these, the muon
hannel is by far the leanest one due to its smaller bakground. We have expliitly
shown that for mN = 1500 GeV the sensitivity to VeN improves from VeN ∼ 0.008 to
VeN ∼ 0.0035 in the presene of a small oupling VµN ∼ 0.005, but is hardly aeted
by N mixing with the tau lepton.
We have also studied what we ould learn about heavy neutrinos if they were
disovered at CLIC. It has been shown that the angular distribution of the produed
neutrino relative to the beam axis is a powerful disriminant between Majorana and
Dira neutrinos, giving a lear evidene of their nature even for relatively small signals.
Then, we have disussed how to extrat heavy neutrino harged urrent ouplings from
data, estimating with an example the preision with whih they ould be eventually
measured. We have proposed a method to determine the hiral struture of the ℓNW
interations, whih unfortunately is only useful for neutrino masses below the TeV
sale.
Finally, we have performed a similar analysis for heavy neutrinos of few hundreds
of GeV at ILC, extending a reent analysis [10℄. In partiular, we have expliitly
investigated the avour and mass dependene of the limits on neutrino mixing with
harged leptons. For a heavy neutrino with a mixing large enough, we have shown
how to establish its Dira or Majorana nature and how to determine the hirality of
its harged urrent ouplings.
The results obtained show that CLIC would outperform previous mahines in nd-
ing diret or indiret signals of heavy neutrinos. It would extend diret searhes up
to masses around 2.5 TeV, and for masses around 1 TeV it would be sensitive to ou-
plings VeN ≃ 4 × 10−3. If no heavy neutrino signal was found at CLIC, the bound
VeN ≤ 2 − 6 × 10−3 ould be set for mN = 1 − 2 TeV, improving the present limit
VeN ≤ 0.073 by more than one order of magnitude and mathing a future limit ob-
tained at the GigaZ option of ILC [46℄, for whih a 103 statistial gain would be
expeted to translate into bounds ∼ 30 times more stringent than those of Eqs. (12).
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The diret limit on the produt VeNV
∗
µN obtained from the non-observation of heavy
neutrinos would be muh more restritive than the present indiret bound from LFV
proesses, and would remain ompetitive with future improvements of the upper bounds
on Br(µ→ eγ) [47℄ and µ−e onversion in nulei [48℄. For heavy neutrinos with masses
of few hundreds of GeV, CLIC would probe mixing angles VeN ∼ 10−3, one order of
magnitude better than what will be ahieved at ILC.
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